Using pre-designed trains of femtosecond optical pulses, we have selectively excited coherent phonons of the radial breathing mode of specific-chirality single-walled carbon nanotubes within an ensemble sample. By analyzing the initial phase of the phonon oscillations, we prove that the tube diameter initially increases in response to ultrafast photoexcitation. Furthermore, from excitation profiles, we demonstrate that an excitonic absorption peak of carbon nanotubes periodically oscillates as a function of time when the tube diameter undergoes radial breathing mode oscillations.
Single-walled carbon nanotubes (SWNTs), hollow onedimensional nanostructures with unique electronic, mechanical, and optical properties, come in a variety of species, or chiralities. Some of them are metallic and others semiconducting, depending on their chiral indices (n,m) [1, 2, 3] . This diversity, while making them such unusual nanomaterials, often makes it challenging to extract reliable parameters on chirality-dependent properties from experimental results on ensemble samples. Currently, there are world-wide efforts on SWNT purification, separation, and enrichment, producing promising results [4, 5, 6, 7, 8] . However, a standard for fabrication of these samples has yet to be established.
Here, we present a novel method that allows us to study single-chirality nanotubes even though the sample contains nanotubes of many different chiralities. Specifically, we have utilized the techniques of femtosecond pulse shaping [9, 10, 11] in ultrafast pump-probe spectroscopy of SWNTs to selectively excite the coherent lattice vibrations [12, 13] of the radial breathing mode (RBM) of specific chiralities. The excitation spectra of such coherent phonons (CPs) provide chirality-specific information on the processes of light absorption, phonon generation, and phonon-induced band structure modulations in unprecedented detail. In particular, the excitation-energy-dependence of the phase of the CP oscillations provides direct, time-domain evidence that band gap oscillations follow the diameter oscillations in the RBM coherent phonon mode.
The sample studied was a micelle-suspended SWNT solution, where the SWNTs (HiPco batch HPR 104) were suspended as individuals with sodium cholate [14] . The optical setup was that of standard degenerate pumpprobe spectroscopy, but chirality selectivity was achieved by using multiple pulse trains, with a pulse-to-pulse interval corresponding to the period of a specific RBM mode. Among different species of nanotubes, those having RBM frequencies that are matched to the repetition rate of multiple pulse trains will generate large amplitude coherent oscillations with increasing oscillatory response to each pulse, while others will have diminished coherent responses [15, 16, 17] . The tailoring of multiple pulse trains from femtosecond pulses was achieved using the pulse-shaping technique described elsewhere [10] . Pulse trains are incident on an ensemble of nanotubes as a pump beam, and coherent RBM oscillations are monitored by an unshaped, Gaussian probe beam. The pump pulse fluence was around 4 × 10 −6 J/cm 2 , where no noticeable change in the RBM frequency or in the decay rate was observed when the pump fluence was adjusted.
The strength of our pulse-shaping technique is shown in Fig. 1 . Real-time observation of coherent RBM oscillations is possible without pulse-shaping by employing standard femtosecond pump-probe spectroscopy [12, 13] . Figure 1 (a) shows transmission modulations of the probe beam induced by coherent phonon lattice vibrations, which were generated by pump pulses with a pulse-width of 50 fs and a central wavelength of 800 nm. The timedomain beating profiles reflect the simultaneous generation of several RBM frequencies [12] , which are clearly seen in the Fourier-transform of the time-domain data in the right of Fig. 1(a) . Although resonance conditions and RBM frequencies lead to the assignment of peaks to their corresponding chiralities, obtaining detailed information on dynamical quantities such as the phase information of phonon oscillations becomes rather challenging. Additionally, if adjacent phonon modes overlap in the spectral domain, this can lead to peak distortions.
However, by introducing pulse-shaping, multiple pulses with different repetition rates are used to excite RBM oscillations, and, as shown in Figs. 1(b)-1(e), chirality selectivity was successfully obtained. With the appropriate repetition rate of the pulse trains, a single, specific chirality dominantly contributes to the signal, while other (9, 7) FFT intensity (arb. units) ( (a) (11, 3) Frequency (THz) (10, 5) f exc =7. nanotubes are suppressed. For example, by choosing a pump repetition rate of 7.07 THz, we can selectively excite only the (11,3) nanotubes, as seen in Fig. 1(b) . Similarly, with a pump repetition rate of 6.69 THz, the (10, 5) nanotubes are selectively excited, as seen in Fig. 1(c) . Finally, as demonstrated in Fig. 1(f) , when the pump repetition rate was tuned to the middle of the RBM frequencies for (11, 3) and (10,5) nanotubes, both nanotubes contributed. The accuracy of selectivity depends on the number of pulses in the tailored pulse train as well as on the distribution of chiralities in the nanotube ensemble. Furthermore, selective excitation of a specific chirality also requires the pump energy to be resonant with the corresponding second interband (or E 22 ) transition. The ability to excite single-chirality tubes allows us nanotubes. There is a π phase shift between the 780 nm and 810 nm data. These three wavelengths correspond to below, at, and above the second exciton resonance, respectively, of (11, 3) to perform detailed studies of their excited states. For example, by placing a series of 10-nm band pass filters in the probe path before the detector, we can measure the wavelength-dependence of RBM-induced transmission changes to understand how the diameter change during RBM oscillations modifies the band structure. Figure  2(a) shows the differential transmission for three cases, corresponding to wavelengths below resonance, at resonance, and above resonance, respectively, for selectivelyexcited (11,3) nanotubes. Although the transmission is strongly modulated at the RBM frequency (6.96 THz) for all three cases, the amplitude and phase of oscillations vary noticeably for varying probe wavelengths. Specifically, the amplitude of oscillations becomes minimal at resonance, and, in addition, there is clearly a π-phase shift between the above-and below-resonance traces. Because the band gap energy and diameter are inversely related to each other in SWNTs [3] , and because it is the RBM frequency at which the diameter is oscillating, we can conclude from this data that the energy of the E 22 resonance is oscillating at the RBM frequency. Namely, when the band gap is decreasing, absorption above (below) resonance is decreasing (increasing), resulting in positive (negative) differential transmission.
We can also look at the short time response to see how the diameter changes in response to ultrafast photoexcitation of electron-hole pairs. In Fig. 2(b) and 2(c) , we plot the differential transmission data taken at probe wavelengths above (a) and below (b) resonance together with the pump pulse train, with time zero corresponding to the center of the pulse train. The sign of the differential transmission oscillations in the first-quarter period is positive (negative) for the above (below) resonance probe, indicating that there is an initial decrease (increase) in absorption for above (below) resonance. Thus, this observation has an important implication for the nature of coherent phonon RBM diameter oscillations: the lattice must initially expand. This is an experimental observation that until now has not been verified, though theoretically predicted [18] .
Our observations are supported by a microscopic theory we developed for the generation and detection of CP in SWNTs using an extended tight-binding model [19] to describe the nanotube electronic states and a valence force field model [20] to describe the phonons. We have examined trends in the CP spectra within and between mod 2 semiconducting nanotube families by plotting the theoretical CP intensity at the RBM phonon frequency as a function of pump/probe energy. This is done in the left panel of Fig. 3 where we plot our theoretical CP intensity at the RBM frequency as a function of pump/probe energy for all nanotubes in 2n + m Family 22 and 25. The curves for each nanotube are labeled with the nanotube chirality (n, m) and the RBM phonon energy in meV. In each nanotube, we see peaks in the CP spectra corresponding to E 22 transitions. Within a given 2n + m family, the CP intensity tends to decrease as the chiral angle increases, i.e., as the chirality goes from (n,0) zigzag tubes to (n,n) armchair tubes. From Fig. 3 we can also see that the theoretical CP intensity increases as we go from Family 22 to Family 25. The right panel of Fig. 3 shows the corresponding experimental CP spectra for the nanotubes in Families 22 and 25. Comparing experimental and theoretical curves in Fig. 3 , we see that our theory correctly predicts the overall trends in the CP intensities both within and between families [21] . Considering the phase shift observed in Fig. 2 , the amplitude of the differential transmission can be plotted as a function of probe energy, with the curve of the amplitude fit to the derivative of a Lorentzian function centered at 1.564 eV as seen in Fig. 4(a) . The fitting to the derivative of a Lorentzian further supports the idea that modulating the absorption coefficient in time through CP and probing the change in transmission/reflection at various probe energies is essentially a type of modulation spectroscopy [22] . Similar, vibration-induced changes in absorption spectra have been observed in molecular systems [23] . As compared to previous CP experiments on SWNTs [12, 13] , pulse-shaping offers phase information that causes the real time-domain data to be sensitive to the sign of the differential transmission, as the amplitude of the Lorentzian is largest at its inflection points [12] . In Fig. 4(b) , the reconstructed Lorentzian corresponds to the excitation profile for coherent phonons, with a maximum peak comparable to the maximum position of the photoluminescence excitation profile for (11,3) nanotubes [ Fig. 4(c) ].
In summary, we produced chirality-selective excitations of coherent RBM oscillations in SWNTs by implementing multiple pulse trains with repetition rates matched to specific RBM frequencies. We obtained single-chirality information for many tube chiralities and extracted detailed information about the phase and modulation of the absorption, leading to an experimental confirmation that the lattice initially expands in response to the pump pulse. Also, the probe energy dependence of the differential transmission is satisfactorily described by RBM-induced band gap modulations, and analysis of the amplitude further proves coherent phonon spectroscopy to be a type of modulation spectroscopy. Beyond providing a powerful tool in accessing fundamental properties of the material, the technique presented here may lead to chirality-selective end functionalization and tube filling via CP-driven end cap opening [18, 24] .
